High quality reference genomes are an important resource in genomic research projects. A consequence is that DNA fragments carrying the reference allele will be more likely to map successfully, or receive higher quality scores. This reference bias can have effects on downstream population genomic analysis when heterozygous sites are falsely considered homozygous for the reference allele.
Introduction
The possibility to sequence whole genomes in a cost-efficient way has revolutionized the way how analyses such as population affinities and heterozygosity. Finally, we discuss some possible data 44 filtering strategies in order to mitigate reference bias in ancient DNA studies. 45 Results 46 (Z = −20.6), indicating more allele sharing between the reference and pseudo-haploid calls from 146 short fragments.
147
In general, we observe a deviation from zero in most cases highlighting the effect of reference bias 148 on these statistics ( Figure 3) . Surprisingly, the directions of this bias differ between the HO data 149 and the SGDP data, which suggests that different reference data sets are also affected by reference 150 bias at different degrees. This represents a potential batch effect which also needs to be considered 151 when merging different reference data sets. Affinities to populations of different geographic origin 152 vary in their sensitivity to reference bias but little general trends are observable. Western Eurasian 153 populations show a strong deviation from 0 in all tests. Notably, African populations show the 154 strongest deviation in the short versus long comparison in the SGDP data set while they exhibit 155 almost no bias in the same comparison using the HO data. As the biases do not seem to show 156 a consistent tendency, we cannot directly conclude that recent ancient DNA papers have been 157 systematically biased in some direction. The shifts appear to be dataset and test specific so some 158 results could still be driven by spurious affinities due to reference bias. HO haploid vs. diploid calls genome that could confidently be assigned to an East Asian origin (Green et al., 2010) . We use eight different combinations of diploid and pseudo-haploid calls for sf12 as well as the The African segments of the reference genome yield the lowest point estimates (as low as 1.42%) -some of these estimates are not even significantly different from 0. These differences highlight some of the sensitivities of f 4 -ratios not just to the choice of reference populations (Petr et al., After establishing the abundance and potential effect of reference bias, we investigated two simple 184 post-mapping filtering approaches to mitigate reference bias. The two agents involved in the 185 process are the reference genome and the sequence fragments or reads. We investigated 1,407,340 186 of the SGDP transversion set of sites with at least 200 bp distance between two neighboring SNPs.
187
First, we modified reads that successfully mapped to a SNP site with a match of the reference allele 188 to carry the alternative allele. These modified reads were re-mapped to the reference genome and 189 they passed the filtering if they still mapped to the same position of the genome with no indels.
190
Second, we prepared a modified version of the reference genome which carried a third base (neither 191 the reference base nor the known alternative allele) at all 1,407,340 sites. A similar approach has 192 been used to study ultra-short fragments in sequence data from archaic hominins (de Filippo et al., 193 2018). All reads originally mapping to the SNP sites were re-mapped to this modified reference 194 genome, and again only reads that mapped to the same location and without indels passed the 195 filtering. Finally, we used both filters on the same BAM file. All scripts used for filtering can be 196 found at https://bitbucket.org/tguenther/refbias/
197
The filtering approaches increase the average proportion of the alternative allele at homozygous 198 sites ( Figure 5A ). Mapping to a modified reference genome shows a slightly better improvement 199 than using modified reads, while combining both yields the best results in most cases. A small 200 number of samples shows a 50/50-ratio after filtering but most are still significantly below that 201 ratio. This is not surprising as the filtering is only applied to reads that have previously mapped to 202 a single reference genome so the data before filtering does not represent a 50/50-ratio, and removing 203 some reference allele reads cannot completely account for the non-reference reads lost earlier. This 204 is most evident in the data from Mathieson et al. (2015) which was only available as mapped 205 reads after running bwa (Li and Durbin, 2009) with lower maximum edit distance parameters (-n 206 0.04) than our pipeline which does not leave much room for improvement after filtering. Another 207 possible reason for deviation from a 50/50-ratio at heterozygous sites could be low levels of modern 208 contamination which may lead to a slight over-representation of the reference allele before mapping 209 (Prüfer et al., 2014; Racimo et al., 2016; Prüfer, 2018) . Comparing the outcome of the filters to 210 different fragment length categories shows a similar pattern: the bias is decreased but some length 211 categories still display differences in their relative heterozygosity ( Figure 5B ).
212
Proportion alternative allele Figure 5 : Comparison of different post-mapping filtering strategies for high coverage bam files from anatomically modern humans employing mapping and base quality filters of 30. (A) Average proportion of the alternative allele for the comparison between no additional filters (see also Figure 1 ), remapping of reads carrying the reference allele modified to carry the alternative allele (modified reads), remapping against a modified reference carrying a third allele at the SNP sites, and both filters together. (B) Influence of filtering on measures of heterozygosity for different fragment sizes in sf12. Error bars indicate two standard errors.
Discussion
Systematic biases are problematic in all types of quantitative research, and it is therefore important to be aware of them and alleviate or avoid their effects as much as possible. Different systematic Furthermore, the SNP capture approaches used to generate the data we analyzed uses one bait 248 per allele minimizing reference bias before sequencing. Most whole genome or exome capture 249 approaches, however, are using baits designed from a single individual which should introduce a 250 pre-mapping bias towards the allele carried by that person (Quail et al., 2008; Heinrich et al., 2012; 251 Meynert et al., 2013; Lindo et al., 2016) . Finally, contamination from another person should tend 252 to introduce the major allele which is likely the reference allele in most cases -a process that will 253 also increase reference bias before mapping (Prüfer et al., 2014; Racimo et al., 2016; Prüfer, 2018 The present study focused mainly on humans but the effect of reference bias extends to other 293 species as well. The slight alternative bias in archaic hominins and the different population affinities 294 depending on the geographic origin of the reference genome illustrate that increasing evolutionary 295 distance can exacerbate reference bias or even cause systematic alternative bias at some sites.
296
This suggests that mapping against a reference genome of a related species (in the absence of a Our analysis highlights that reference bias is pervasive in ancient DNA data used to study pre-303 historic populations. While the strength of the effect differs between applications and data set, 304 it is clear that reference bias has the potential to create spurious results in population genomic 305 analyses. Furthermore, even when the overall presence of bias is limited, it is important to assess 306 whether subsets of variants are prone to strong systematic bias, including the possible presence of 307 alternative bias. 308 We are entering a time where sample sizes in ancient DNA studies reach one hundred and 309 beyond, while the questions focus on more and more detailed patterns and subtle differences. At 310 the same time, sampling starts to involve older remains and remains from more challenging en-311 vironments -both of which are usually associated with poor preservation and shorter fragments.
312
Therefore it seems crucial to avoid reference bias or other biases such as batch effects or ascertain-313 ment biases as much as possible, and to develop and apply computational strategies to mitigate 314 the impact of these issues.
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